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elements. This anatomical aberration was often observed in samples from newly growing flushes in inoculated sweet orange and grapefruit trees at the early "presymptomatic" stage of HLB infection. Development of symptoms and their progression correlated with an increasing degree of microscopic aberrations. Remarkably, the ability to observe the bacterium in the infected tissue also correlated with the degree of the disease progression. Large numbers of bacterial cells were found in phloem sieve tubes in tissue samples from presymptomatic young flushes. In contrast, we did not observe the bacteria in highly symptomatic leaf samples, suggesting a possibility that, at more advanced stages of the disease, a major proportion of 'Ca. L. asiaticus' is present in a nonviable state. We trust that observations reported here advance our understanding of how 'Ca. L. asiaticus' causes disease. Furthermore, they may be an important aid in answering a question: when and where within an infected tree the tissue serves as a better inoculum source for acquisition and transmission of the bacterium by its psyllid vector.
Citrus greening (Huanglongbing [HLB] ) is one of the most destructive diseases of citrus worldwide. The impact of HLB on citrus production has been clearly documented in many different countries, starting first with century-old reports of citrus "dieback" (one of the other common names of the disease) in India and the "yellow shoot" disease in China, which have been followed by multiple reports describing the disease in South Africa, Philippines, Indonesia, Thailand, Brazil, and, most recently, (since 2005) in Florida in the United States (2) . Nearly all commercial citrus species are susceptible to HLB. Infected trees develop blotchy-mottled or completely yellow chlorotic leaves, sometimes resembling mineral deficiencies, and produce small, lopsided, bitter-tasting fruit with small and aborted seeds (10) . As the disease progresses, tree growth and fruit yield are significantly reduced, making the orchard economically not viable.
Three species of the bacterium that belongs to the genus 'Candidatus Liberibacter'-'Ca. L. asiaticus', 'Ca. L. africanus', and 'Ca. L. americanus'-have been found to be associated with HLB (2) . Additionally, association of two Phytoplasma spp. with HLB symptoms has been demonstrated for disease-affected trees in Brazil and China (4, 26) . Two psyllid species-Trioza erytreae and Diaphorina citri-are natural vectors of 'Ca. Liberibacter spp.' and are responsible for transmission of the disease from tree to tree.
The causal agent of HLB in Florida is thought to be 'Ca. L. asiaticus', which is supported by positive results of polymerase chain reaction (PCR)-based assays of multiple samples collected from various regions throughout the state using 'Ca. L. asiaticus'-specific oligonucleotide primers and 16S rRNA gene clone library sequencing (20, 24, 25) . However, because the cultivation of the pathogen and Koch's postulates have not been completed, involvement of other organisms in the disease development cannot be ruled out. HLB was first detected in Florida in the Miami area in 2005 and, since that time, the disease has moved essentially to all citrus-growing areas in Florida and even farther, beyond the state: HLB-infected trees have been found in Louisiana, Georgia, and South Carolina. Overall, HLB represents a major threat to the entire U.S. citrus industry. For this reason, effective methods of early HLB detection, controlling its transmission by psyllids, and developing resistant citrus cultivars that can be produced economically are needed. Understanding how 'Ca. Liberibacter spp.' multiply, move, and cause disease in citrus will provide a necessary foundation for these objectives.
Previous studies of HLB cytopathology conducted with samples collected from severely infected trees in different citrus-growing regions revealed major anatomical aberrations associated with the disease. Light microscopy studies of leaf samples from highly symptomatic sweet orange field trees demonstrated multiple localized pockets of necrotic phloem scattered through the vascular system, massive accumulation of starch in the plastids, aberrations in cambial activity, and excessive phloem formation (21, 22) . It was suggested that extensive phloem necrosis causes blockage of the translocation stream, which leads to other anatomical changes; together, they are responsible for yellow blotching, leatheriness, vein yellowing, and clearing on leaves of infected trees (22) . Examinations of the disease-affected tissues using transmission electron microscopy (TEM) revealed that the pathogenic bacterium possesses a cell wall of the gram-negative type and exclusively resides within the sieve tubes of infected citrus trees (7, 8, 13, 14) . These properties of the bacterium were used as a basis for the detection of HLB by electron microscopy, which had been the only reliable diagnostic technique for a number of years prior to the development of detection methods based on DNA hybridization and PCR. However, it has been difficult to consistently detect 'Ca. Liberibacter spp.' because the pathogen is unevenly distributed in host citrus plants and, even in areas where it is present, the number of bacteria per sieve tube is low (2) . Most recently, microscopy studies of samples collected from sweet orange trees with characteristic symptoms of HLB in Brazil revealed the presence of wall-less bodies of phytoplasma, while 'Ca. Liberibacter'-like bacterial cells were absent, thus suggesting that another phloem-restricted organism might have a role in the disease (26) . Interestingly, similarly to 'Ca. Liberibacter spp.' infections, the number of phytoplasma cells found in sieve tubes of those tissues was also very low, which is in contrast with typical phytoplasma infections where large numbers of phytoplasma cells could be seen (26) .
Recently, we examined the responses of different genotypes of citrus to HLB under controlled greenhouse conditions (6) . These conditions allowed us to monitor progression of the disease symptom development over a period of time starting from the moment of inoculation of trees with the infected material and, most importantly, made possible evaluation of the infection at early stages that practically cannot be accomplished with trees in the field. Earlier studies of HLB anatomical symptoms, discussed above, were conducted using material from field trees severely affected by the disease. In this work, we examined ultrastructural changes in citrus plants graft inoculated with 'Ca. L. asiaticus'-infected budwood at different stages of infection, with the main interest to characterize early events of infection. Here, we show the progression of anatomical aberrations occurring at each stage of the HLB disease and how those aberrations correlated with the development of symptoms. Remarkably, the ability to observe the bacterium in the infected tissue also correlated with the degree of the disease progression.
MATERIALS AND METHODS
Plant materials, inoculations, and plant growing conditions. Citrus germplasm was obtained from the FDACS Division of Plant Industry (DPI) or United States Department of Agriculture (USDA) Agricultural Research Service National Clonal Germplasm Repository for Citrus and Dates (CRC). HLB inoculum was initially collected from symptomatic field trees located in a grove in Highlands County, FL. The inoculum source was verified to have 'Ca. L. asiaticus' via real-time quantitative (q)PCR assays with the pathogen-specific primers in our previous study (6) and was also tested for the presence of phytoplasmas, which gave negative results (J. Chen, personal communication). The inoculum was further propagated by grafting into Madam Vinous sweet orange (Citrus sinensis (L.) Osbeck) trees grown in the greenhouse and verified by PCR. For the experiments described in this work, 8-month-old seedlings of Madam Vinous and Pineapple sweet orange (15 and 5 seedlings, respectively) and Duncan grapefruit (C. paradisi Mac Fadyen, 15 seedlings) were used for inoculation with 'Ca. L. asiaticus'-infected budwood. Plants of each variety were graft inoculated with three pieces of budwood from PCR-positive HLB source trees propagated in the greenhouse. Inoculated plants were kept in a USDA Animal and Plant Health Inspection Service approved secure greenhouse with the temperature of 26 to 32°C along with uninoculated healthy control plants (six plants of each cultivar). Two weeks after grafting, the plants were trimmed back to stimulate the development of new growth. Visual observation of symptoms along with PCR assays using 'Ca. L. asiaticus'-specific primers (described below) were performed at different time points starting 1 month after inoculation and continued for 1 year. Those plants that became PCR positive for 'Ca. L. asiaticus' and developed an infection (70% of plants that were graft inoculated) were further monitored and sampled for TEM observations as discussed below.
PCR assays. Samples of leaf midrib tissue were used for DNA isolation according to the procedure described by Folimonova et al. (6) . In brief, leaf midrib tissue (250 mg) was extracted in 2.5 ml of extraction buffer (100 mM Tris-HCL, pH 8.0; 50 mM EDTA; 500 mM NaCl; and 10 mM dithiothreitol). A portion of the extract (1,300 µl) was transferred to a 2-ml Eppendorf tube, 90 µl of 20% sodium dodecyl sulfate was added, and the mixture was incubated at 65°C for 30 min. Following incubation, 500 µl of 5 M potassium acetate was added, mixed thoroughly, and incubated on ice for 20 min. The mixture was centrifuged at 13,000 rpm for 10 min, 400 µl of supernatant was recovered, and DNA was precipitated by adding an equal volume of isopropanol and held at -20°C overnight. The DNA was pelleted, washed, and resuspended in 100 µl of water for PCR analysis. qPCR tests were performed as described previously (25) . qPCR reactions were carried out using primer-probe sets HLBaspr plus a plant cytochrome oxidase (COX)-based primer-probe set (COXfpr) as indicated in Li et al. (15) . All reactions were done in triplicate with positive, healthy, and water controls, and the mean value of the threshold cycle (Ct) was analyzed.
Electron microscopy. Microscopy studies were conducted using a Morgagni 268 transmission electron microscope (FEI Company, The Netherlands). For ultrastructural observations, leaf and petiole samples were collected from HLB-inoculated as well as healthy control plants at three consecutive time points (3, 6 , and 9 months after inoculation) and prepared for routine TEM. Numerous sections of tissue samples from 25 'Ca. L. asiaticus'-positive trees of three citrus cultivars were produced along with samples collected from healthy control trees. The first sampling a Sweet orange and grapefruit seedlings were graft inoculated with 'Ca. L. asiaticus'-infected budwood and further assayed by qPCR using 1 µl of a 100-µl DNA extract from 250 mg of leaf midrib tissue and primer-probe set HLBaspr (6, 15, 25 inoculated) were used in the experiment; 3-and 6-month samples were harvested from the same flush on each tree. At 9 months after inoculation, samples were collected from the same flushes along with leaf samples from young, consecutive flushes. e In all, 10 plants among 25 in the experiment produced new growth at 9 months after inoculation.
of the inoculated plants occurred at 3 months after graft inoculation of plants. Tissue samples were taken from the young, nearly fully expanded leaves from the growing flush of the inoculated plants. At the time of the first sampling, the inoculated plants were not showing any symptoms. Control samples were collected from comparable flushes of uninoculated trees. At 6 months after inoculation, samples were taken from the same flushes which, by then, were hardened off and had developed some disease-related symptoms. Control samples were collected from comparable flushes of uninoculated trees. By 9 months after inoculation, those flushes produced new growth and, thus, petioles of the old leaves were collected along with samples from the consecutive young, growing flush. Control samples were collected from comparable flushes of uninoculated trees.
To prepare these samples for TEM, a routine fixation procedure was used in which they were fixed with 3% glutaraldehyde in 0.1 M potassium phosphate buffer, pH 7.2, for 4 h at room temperature, and then post-fixed in 2% osmium tetroxide in the same buffer for 4 h at room temperature. The samples were further washed in the phosphate buffer, dehydrated in a 10% acetone series, 10 min per step, and infiltrated and embedded in Spurr's resin over 3 days (23) . Samples (1 µm) were taken for light microscopy observations. Sections of 100 nm in size were mounted on 200-mesh formvar-coated copper grids and stained with 2% aq. uranyl acetate and lead citrate (18) 
RESULTS
Progression of the disease development in graft-inoculated sweet orange and grapefruit trees. Inoculation of small greenhouse trees of sweet orange and grapefruit by grafting HLBinfected buds into the stems of the receptor trees and their further observation over a period of time coupled with PCR assays revealed a timeline of the disease development. Two sweet orange cultivars as well as grapefruit examined in this work demonstrated significant similarity in their response to HLB infection by showing similar progressions of the disease symptoms and highly comparable ultrastructural aberrations at various stages of the disease (discussed below). Thus, here we refer to those cultivars as citrus plants.
At 1 and 2 months after grafting, plants remained asymptomatic and the presence of 'Ca. L. asiaticus' was not detected by qPCR with pathogen-specific primers in any of the plants (data not shown). At 3 months after inoculation, 'Ca. L. asiaticus' amplification was detected in newly growing flushes in 71% of the inoculated citrus trees; however, none of the plants were showing any disease-related symptoms at that time (Table 1 ; Fig.  1A and B) . HLB-characteristic chlorosis began to develop on shoots of those plants within the next couple of months. By 5 to 6 months after grafting, slight yellowing of leaves progressing to more severe asymmetrical yellowing was easily noticeable (Fig.  1C) . Symptomatic leaves tested PCR positive for 'Ca. L. asiaticus' (Table 1) . Nine months after inoculation, mature sympto- (Fig. 1D) . Ct values obtained as a result of qPCR tests with samples collected from the same flush on each tree at different time points during the infection process were comparable ( Table 1 ). The infected trees showed significantly reduced growth compared with uninoculated healthy trees. Most of the severely affected branches in 60% of the infected plants did not produce any additional new growth. The rest of the infected plants (40% of the total number of the infected plants) did produce new flushes on which the young leaves were smaller in size and later became chlorotic upon maturity. Most of the infected plants severely declined with time, and some of them eventually died over the next year.
Early ultrastructural changes of phloem tissue in response to HLB infection, "presymptomatic" stage. To study the relationship between symptom expression and anatomical changes, we first examined petioles of nearly fully expanded young leaves collected at 3 months after inoculation from the young growing flushes in which 'Ca. L. asiaticus' was detected, yet leaves remained asymptomatic, along with samples collected from healthy control trees using TEM. Examination of those samples revealed that, despite the fact that no significant phloem disruption occurred in the infected plants at this "presymptomatic" stage, some anatomical aberrations corresponding to the disease began to develop. A cross-section through a healthy leaf petiole is shown in Figure 2A . The phloem tissue extending from the xylem to phloem fibers is highlighted, showing the cambium layer adjacent to the xylem and a sieve element with surrounding companion and phloem parenchyma cells. Thin spaces between the cells are filled with normal amounts of middle lamella components.
The most striking structural change noted in the phloem of leaves from infected trees was significant swelling of the middle lamella between cell walls surrounding sieve elements. This was observed repeatedly during examination of multiple tissue sections (Fig. 2B to D) . Moreover, in some instances, sieve elements and companion cells confined within areas with swollen middle lamella appeared to show signs of compression. (Fig. 2C and D) . Further examination of sieve elements from infected leaves showed that most of them had a relatively small amount of callose lining the sieve element pores, similarly to sieve elements of healthy phloem tissue (Fig. 3A and B) . However, a few sieve elements found in samples from the infected trees contained more extensive deposits of amorphous callose (Fig. 3C) . Often, sieve elements in diseased tissue as well as in tissue from control healthy plants also contained dark, round depositions of starch (Figs. 2B and D and 3B) that made sieve elements easy to recognize in the absence of an obvious sieve plate. No starch accumulation was found in phloem parenchyma cells. Tissue from infected plants showed no phloem necrosis as well as no aberrations at the cambium layer (Fig. 2B) .
Further observations of the infected tissue revealed the presence of a large number of bacteria-like cells of a pleomorphic shape in several sieve elements (Fig. 4A to C) . Examination of their structure with higher magnification revealed double membranes surrounding cells (Fig. 4D) , a structural feature that allows differentiation between bacteria and phytoplasma organisms. Those bacteria were present in two different forms (filamentous and round forms), with a diameter of 0.13 to 0.43 µm, which is one of the characteristics of the morphology of the HLB organism previously described in TEM observations of samples from infected citrus trees as well as periwinkles (3, 8) . In some sieve cells, the bacteria were embedded in a fibril-like material of unknown origin (Fig. 4A to D) . As expected, the bacteria were restricted to phloem sieve tubes.
Anatomical aberrations in phloem tissue at the more advanced stages of HLB infection. TEM observations of phloem tissue of leaf petioles collected from mature symptomatic flush at 6 months after plant inoculation demonstrated significant anatomical changes in the phloem structure compared with samples from healthy control trees. Most sieve elements and companion cells and, occasionally, cambium cells were collapsed (Fig. 5) . Sieve pores of those sieve elements that were not necrotic were plugged with the callose-like and p-protein-like material (Figs. 5C  and 6A and B) . Phloem parenchyma cells were not collapsed yet were significantly expanded in size, and many of those cells contained large, prominent nuclei and enriched cytoplasm (Fig. 5B ) compared with cells in the control tissue (Fig. 5A) . The increased size and number of those cells possibly could account for the overall enlargement of the phloem layer in the diseased leaves. No extensive amount of starch accumulation was noted in the phloem parenchyma at this stage of infection (Fig. 4B and C) . All of those changes occurred over a period of 3 months and were apparently correlated with the progression of the disease symptoms. Remarkably, all repeatedly examined sections did not show bacteria.
Further examination of tissue samples collected from the same matured flushes 9 months after inoculation demonstrated progressively increasing severity of ultrastructural aberrations of the infected phloem compared with samples from healthy trees and appeared to be correlated with the disease development. Healthy phloem adjacent to the xylem, with normal-looking cambium layer, sieve elements, companion cells, and phloem parenchyma, is shown in Figure 7A . The older layer of healthy phloem near the phloem fibers contained somewhat enlarged phloem parenchyma cells with large vacuoles and sparse cytoplasm but almost no starch (Fig. 7B) . Samples from HLB-infected, highly symptomatic old leaves showed almost total collapse of the newest phloem cells close to the xylem, making identification of individual cells difficult (Fig. 7C) . The older, outer phloem showed excessive accumulation of starch in the parenchyma cells and collapse of other types of phloem cells, presumably sieve elements and companion cells, located between the paren- chyma cells (Fig. 7D) . No bacterial cells were observed in these tissues.
Examination of phloem tissue in the new growth produced on HLB-infected trees at the later stage of disease develop- (Fig. 1D) . Examination of leaf petiole samples taken from those young flushes showed few anatomical changes, similar to those found in tissue samples from young flushes collected at 3 months after plant inoculation ( Fig. 2; data not shown) . In contrast to the old symptomatic tissue of the previous flush immediately behind it, the young asymptomatic flush contained bacterial cells in a few sieve elements (Fig. 8) , which correlated with our earlier findings of the bacteria in young, asymptomatic tissue at the beginning stages of infection.
DISCUSSION
Development of effective control measures for the HLB disease requires a clear understanding of interactions between the vector, the pathogen, and a citrus tree. However, despite extensive HLB research (2, 5) , there is still little knowledge of how the pathogen causes disease in infected trees and when during the infection cycle it serves as an inoculum for further transmission by a psyllid vector to a new tree. One of the major obstacles for those studies is the long period of time between the infection of a tree and detection of the disease. In the greenhouse, this period is 3 to 6 months and, in the field in large trees, it may take more than a year. Thus, it is practically impossible to characterize early stages in the infection working with existing infections of field trees in which the time of infection is unknown. However, understanding of the early events in HLB infection is most critical for the development of effective methods to combat the disease. In this work, we conducted cytopathological studies by following development of the disease in citrus trees graft inoculated with 'Ca. L.
asiaticus'-containing material under greenhouse conditions with the goal of correlating ultrastructural changes and symptom production.
Based on our observations, certain anatomical aberrations occur as the disease progresses. One of the first degenerative changes induced upon invasion of the pathogen appears to be swelling of middle lamella between cell walls surrounding sieve elements. This anatomical aberration was often observed in samples from newly growing yet nonsymptomatic flushes of inoculated sweet orange and grapefruit trees at the early infection stage (3 months after inoculation). Such swelling could potentially cause compression of the confined sieve tubes noticed occasionally in some areas and, further, lead to a complete collapse and necrosis of those cells. To our knowledge, this is the first report demonstrating a change in the intercellular substance between cell walls of sieve elements occurring at the early pre- symptomatic stage of HLB infection. Being likely a characteristic feature of a front line of infection, it could be easily missed in observations of tissue collected at more advanced infection stages. Development of symptoms correlated with more significant anatomical changes affecting various types of phloem cells. An increasing degree of microscopic aberrations was observed as the symptoms progressed from mild yellowing to severe chlorosis, mottling, thickening, and occasionally vein corking of leaves. Most of the anatomical changes typical for later stages of HLB infection-plugging of sieve pores with the callose-like material, necrosis of sieve elements and companion cells, and excessive starch accumulation in the phloem parenchyma cells-have been described earlier for samples from infected field trees (1, 12, 22) . What is unique in this report is that we were able to follow their progressive development.
According to previous reports, 'Ca. Liberibacter' bacteria were not usually seen in high numbers in samples from the diseased citrus trees (2) . Thus, studies on detailed characterization of the greening organism were done with samples from HLB-infected periwinkle, which is known to allow multiplication of the pathogen to quite high titers (8, 9) . More recently, TEM observations of tissue samples from severely infected, highly symptomatic sweet orange trees by Kim et al. (12) confirmed earlier observations. They reported that, in all samples observed under electron microscope in which the bacterium was found, 'Ca. L. asiaticus' was present in low numbers and as single cells and did not form visible aggregates. In our work, however, we found a large number of bacteria-like cells of a pleomorphic shape in several sieve elements in tissue samples of young, asymptomatic leaves from trees at an early stage of HLB infection. In contrast, we did not observe the bacteria in samples of highly symptomatic leaves collected at more advanced stages of the disease. However, bacterial cells were also visualized in tissue samples from the young consecutive flush (showing no symptoms at the time of sample collection) that grew from the old symptomatic one.
The TEM observations did not seem to be in complete agreement with the results of PCR-based tests used for detection of the HLB pathogen, which gave comparable values for samples collected at different stages of the infection process. However, as it has been demonstrated, PCR-based methods do not discriminate between DNA of viable and dead bacteria (11) . Because of that, qPCR, when used alone, could lead to a substantial overestimation of the presence of living organism (17) . To overcome this obstacle, the approach based on qPCR carried on with the aid of ethidium monoazide, which inhibits the amplification of DNA from the dead bacterial cells, thus allowing discrimination between live and dead forms of the bacteria, has been developed (16, 19) . Recently, Trivedi et al. (27) adapted this method to quantify viable 'Ca. L. asiaticus' in infected citrus trees and showed that, in highly symptomatic leaf samples, a major proportion of 'Ca. L. asiaticus' likely was present in a nonviable state. These results parallel the absence of visual bacterial cells during our TEM observations of samples from mature symptomatic branches. Presumably, the bacterial cells were embedded within completely collapsed sieve elements and, thus, could not be identified. It is possible that the majority of the bacterial population within those areas was not viable. Further observation of bacterial cells in tissue samples from the young presymptomatic flushes that emanated from the old symptomatic branches indicated that some bacteria had moved into the newly developing tissue. Thus, we can hypothesize that, for a short period of time after movement of 'Ca. L. asiaticus' into a newly growing part of an infected tree, the majority of the pathogen population is present as live bacteria. Later, as the symptoms develop, most of the bacteria become nonviable in the symptomatic tissue. Further assays will be needed to examine composition of the pathogen population at various stages of the disease development.
One of the crucial questions for the development of HLB management strategies is when and where within a tree the bacterium serves as a better inoculum source for acquisition by psyllids. Differential results for 'Ca. L. asiaticus' based on TEM observations in presymptomatic young, growing tissues versus older, severely affected ones may be an important clue in answering this question. We observed the highest numbers of bacteria, which likely represent a good source of the bacterium available for psyllids, in presymptomatic younger flushes. Some of our preliminary data also suggest that psyllids are able to pick up 'Ca. L. asiaticus' from infected trees months before the trees develop symptoms (W. O. Dawson, personal communication). We will continue our research on 'Ca. L. asiaticus' distribution within infected citrus trees and how it affects psyllid transmission of the pathogen, which we anticipate will provide valuable information necessary for development of effective control measures of the disease. Fig. 8 . Transmission electron micrographs of bacteria (arrows) in a sieve element (SE) of a young, asymptomatic leaf on a new flush growing from the old, severely affected branch. Plants were graft inoculated with 'Candidatus Liberibacter asiaticus'-infected tissue. Micrographs were taken at 9 months after inoculation.
